1. Introduction {#sec1}
===============

Multiple sclerosis (MS) is considered an autoimmune inflammatory demyelinating disease characterized by a destruction of the neuronal axonal myelin of the central nervous system. Characteristic lesions appear as plaques representing areas of demyelination of the corpus callosum, brainstem, spinal cord, periventricular areas, cerebellum, etc. Myelin damage brings a slowing down/blocking of nerve impulse conduction resulting in a neurological deficit. Multiple sclerosis is thought to occur in genetically predisposed people due to one or more environmental factors. It mainly affects young adults mostly in females, leading to progressive disability \[[@bib1]\].

MS is common in northern Europe, continental north America and Australasia, but not in the Far East, the Arabian Peninsula, Africa, continental South America or India \[[@bib2]\]. In a recent epidemiological evaluation conducted on data collected between 1990 and 2016, the estimates of prevalence of multiple sclerosis, standardized by age, were highest in North America (164.6 per 100,000), Western Europe (127.0 per 100,000) and Australasia (91.1 per 100,000) and lowest were sub-Saharan East Africa s (3.3 per 100,000), in central sub-Saharan Africa (2.8 per 100,000) and Oceania (2.0 per 100,000) \[[@bib3]\].

Multiple sclerosis lesions have been characterized by infiltrates of T-lymphocytes, small numbers of B-lymphocytes, plasma cells and activated microglia or macrophages. Furthermore, in myelinated lesions, the expression and production of numerous related immune molecules such as cytokines, adhesion molecules and histocompatibility antigens have been defined. These patterns suggest that in this disease a T-cell mediated immune response is at the basis of an inflammation of nerve tissue and a subsequent demyelination. Furthermore, a variable degree of axonal destruction that significantly leads to permanent functional deficit has been detected. The extent and severity of the inflammatory reaction is related to the amount of axonal damage. In experimental models, axonal damage may be induced by cytokines produced by activated macrophages. These cells determine neuronal damage through specific excitotoxins acting on glutamate receptors which are distributed on dendrites and neuronal pericarya rather than on the axons themselves. Nitric oxide also contributes to axonal damage, especially in demyelinated fibers \[[@bib4]\].

In the following paragraphs, I will describe the scientific reports data that support the immune-mediated pathogenesis of multiple sclerosis. These data indicate the fulcrum of this disease pathogenesis, lies in the dysregulation of the balance between self-tolerance and autoimmunity according to the following multifactorial model: a genetic predisposition factor, linked to the histocompatibility complex gene HLA allows the triggering of the disease by an infectious factor that induce an autoimmune reaction towards the structures of the myelin sheath of the nervous system.Image 1The predisposing HLA molecules support the triggering action through the process of antigen presentation of an infectious agent exerted by the APCs, coinciding with the molecular mimicry between a microbial antigen and the myelin autoantigen. The activated T and B lymphocytes induce the cross-reaction which leads to autoimmunity. Activation of self-reactive CD4^+^ T cells and their differentiation into a Th1 phenotype are crucial events in the early stages, and these cells probably also play an important role in the evolution of the disease. Damage to the central nervous system is, however, most likely mediated by other components of the immune system, such as antibodies, complement, CD8^+^ T cells, and factors produced by innate immune cells. Disorders in immunomodulatory networks that include Th2 cells, CD4 ​+ ​Treg cells, NK cells and others may be partly responsible for relapse-remitting or chronic progressive nature of the disease \[[@bib5]\].

2. Genetic predisposition and immunopathogenetic function of HLA {#sec2}
================================================================

GWAS (genome Wide Association Studies) recently pointed to HLA-DRB1 in the MHC Class II region as the main susceptibility locus for MS. The best documented HLA allele is DRB1\*15:01, which is the highest risk factor for MS. HLA-DRB1\*15:01 has the strongest effect with an average odds (OR) ratio of 3,08 and an additional risk in homozygous subjects \[[@bib6]\]^.^ These results were confirmed by 2 meta-analyses \[[@bib7],[@bib8]\].

An independent combination for DRB1\*08:01 was observed in an Ashkenazi cohort when patients were divided into clinical subgroups, with a weak but significant combination reported only for primary patients with progressive MS \[[@bib9]\].

A well-established, though not very strong (OR ​= ​1:7), association was found for DRB1\*03:01, a very common allele all over the world. HLA-DRB1\*13:03 is a very rare allele worldwide, therefore it is clearly a risk allele only when found at higher frequencies, as in the Israeli population \[[@bib9], [@bib10]\], in Sardinia \[[@bib11],[@bib12]\] or in studies with thousands of individuals. As for African-Americans, allele DRB1\*15:03 seems to be the allele DR2 predominantly associated in this population with MS (OR ​= ​1:6) \[[@bib13]\]. Another risk allele for MS is DRB1\*04:05, which has been recognized as a risk variant for Asian types of MS (OR ​= ​2:23), characterized by early onset, mild course and reduced brain lesions \[[@bib14]\]. These results were partially reproduced in another Asian cohort \[[@bib15]\]. HLA-DRB1\*04:05 was also found to be associated with multiple sclerosis in Sardinia, where the incidence of multiple sclerosis is quite high \[[@bib16]\], as well as among African Americans \[[@bib17]\] and Sicilians \[[@bib18]\].

As regards protective alleles for multiple sclerosis, DRB1\*14 and DRB1\*07 showed protective effects against multiple sclerosis in a meta-analysis of 37 case studies, all in Caucasian populations \[[@bib8]\]. Class II allele -- consistently associated with MS protection in European populations -- is DRB1\*14:01. DRB1\*14-mediated protection appears to be dominant, reducing the predisposing effect of DRB1\*15:01when both alleles are present in the same individual (OR ​= ​0.2) \[[@bib19]\].

HLA-DRB1\*11 was also found to be protective in the Brazilian \[[@bib20]\], Canadian \[[@bib21]\] and Greek \[[@bib22]\] populations. The protective role of the HLA-A\*02:01 has been confirmed in many different populations and remains the most widely studied HLA Class I allele in MS \[[@bib23]\].

Susceptibility to MS determined by HLA genes and detected by the statistical association data reported above is expressly due to the immunological function of HLA molecules and for this reason they play a primary role in the molecular mechanism of immunopathogenesis of this autoimmune disease.

Class II HLA molecules expressed on the APCs perform the receptor function towards peptides derived from the processing of exogenous antigens ingested via phagocytosis or endocytosis. APCs expose the processed antigen on the cell surface by means of the HLA receptor and then presents it to the T lymphocytes which in turn recognize the antigen by binding it specifically to its receptor (TCR) \[[@bib24]\]. In addition, T-cells require a second signal to activate and initiate the adaptive response. This second signal is performed by membrane molecules such as CD 28 of the T naive cells as well as CD86, CD80 of the APC. This molecular T-cell activation mechanism involving 2 categories of membrane molecules (HLA and CD) has been termed as "two-signal model of T-cell activation" \[[@bib25]\] ([Fig. 1](#fig1){ref-type="fig"}). The intervention of specific cytokines then determines the evolution of the naive T-cell and activate depolarized responses Th1, Th2, Th17 etc., but when there is no second signal, T reg cells are activated inducing tolerance. The systemic administration of nanoparticles coated with autoimmune peptides relevant to specific diseases, linked to HLA class II molecules has been shown to trigger the generation and expansion of CD1 ​+ ​type T antigen-specific regulatory cells, leading to the resolution of phenomena autoimmune in different animal models. Regardless of their genetic background, ten MHCII-based nanomedicines show similar biological effects, prevalence of the T cell population or MHC restriction. The nanoparticles coated with autoimmune peptides, bound to HLA class II molecules are a means for avoiding the second signal given by the membrane molecules that would be present if the antigenic peptides were presented to the T cells by APCs \[[@bib26]\].Fig. 1Molecular function of class II HLA in antigen presentation.Fig. 1

It may be noted that in the absence of HLA molecules capable of binding a specific antigen, the antigen presentation function cannot be performed by APCs. Consequently, autoreactive T-cells cannot be activated, which from a molecular point of view, explains why subjects who do not have HLA predisposing alleles for a given disease are protected throughout their existence.

3. Self-reactive T-cells {#sec3}
========================

Most studies on the role of T-cells in MS have focused on peripheral T-cells activated by myelin and limited by the main class II HLA molecules. In animal models of multiple sclerosis such as experimental autoimmune encephalomyelitis (EAE) and a demyelinating disease induced by murine Theiler's encephalomyelitis virus (TMEV-IDD), pro-inflammatory Th1 cells and Th17 ​cells have been shown to play a decisive role in the exacerbation phases of the disease, while Th2 cells and regulatory T-cells (Treg) can contribute to remission \[[@bib27]\]. Tests for CD8 (+) T cell populations were also submitted. Despite the evidence in animals and human studies supporting the idea that self-reactive T cells are involved in disease induction, myeloid lineage cells, antibodies and complement as well as processes intrinsic to the central nervous system appear to determine the actual stages of tissue damage \[[@bib28]\]. Activated T-cells attracted by chemokine release pass through the permeated blood-brain barrier (BBB); also B cells and monocytes/macrophages migrate into the CNS where the myelin autoantigen is presented by APS (macrophages, microglia and or astrocytes). In this way, the auto-reactive T-cells are induced to produce cytokines that activate other inflammatory cells such as macrophages which damage the central nervous system and phagocytize myelin \[[@bib29]\]. An overexpression of Th1-dependent cytokines such as IFN-γ and TNF-α in MS plaques was observed. Therefore, Th1 cytokines can sustain a chronic state of inflammation by mediating a continuous recruitment of activated T-cells or directly inducing myelin disruption, as demonstrated for TNF-α. Furthermore, the active expression of TNF-α in peripheral blood mononuclear cells (PBMC) has been shown to be associated with MS activity \[[@bib30]\]. Numerous EAE studies have contributed considerably to clarifying the immunopathogenic role of T-cells in demyelinating diseases. In summary, after immunization with CFA, whooping cough toxin and myelin antigens, the dendritic cells are activated in the lymph nodes by toll-like receptor agonists (TLR) and present the myelital antigen to naïve T-cells. Specific T-cells activated for myelin enter the bloodstream and the CNS. The rupture of the BBB allows the recruitment of other inflammatory cells into the CNS. T-cells entering the CNS encounter their related myelin antigens and are reactivated by the local APC. T cells expand and release inflammatory mediators that help recruit other immune cells at the inflammation site. The activation of local microglial cells and infiltrating cells involves the production of proteases, glutamates, reactive oxygen species and other cytotoxic agents that promote myelin destruction. Damage to the myelin sheath of the surrounding axons is followed by axonal damage and neurological impairment \[[@bib31]\] ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2Migration and effector function of T cells in the central nervous system (CNS) during experimental autoimmune encephalomyelitis (EAE) After immunization with myelin antigens, complete Freund's adjuvant (CFA) and pertussis toxin, dendritic cells (DC) are activated in the lymph nodes by Toll-like receptor (TLR) agonists within the mycobacterium tuberculosis component of CFA, and present myelin antigen to naive T cells The activated myelin-specific T cells enter the bloodstream and traffic to and enter the CNS Breakdown of the blood-brain barrier (BBB) occurs, allowing recruitment of other inflammatory cells into the CNS. T cells entering the CNS encounter their cognate myelin antigens and become reactivated by local APC. T cells expand and release inflammatory mediators which help recruit other immune cells to the site of inflammation. Activation of local microglial cells and infiltrating cells results in production of proteases, glutamate, reactive oxygen species and other cytotoxic agents which promote myelin breakdown. Damage to the myelin sheath surrounding axons is followed by axonal damage and neurological impairment.Fig. 2

4. Auto-antigens targets of self-reactive T-cells {#sec4}
=================================================

Several studies indicate myelin antigens as the specific targets of self-reactive T-cells. Myelin basic protein (MBP) is the first and most widely studied myelin protein involved in MS. Other myelinated proteins, such as the proteolipid protein (PLP), myelin-associated glycoprotein (MAG) and myelin-associated basic oligodendrocytic protein (MOG) have been proposed as potential autoantigens in MS. In a 1993 study, Joshi N. et al. found that (1) comparable frequencies of MBP-reactive T-cell lines were obtained from the peripheral blood of patients with MS and their healthy siblings. The pairs of siblings with an identical HLA predisposition but different as regards MS disease presence showed similar frequencies of reactive MBP T cell lines. (2) A broad spectrum of MBP epitopes has been recognized in the T cell lines of all the individuals studied. (3) MBP epitopes were recognized in the context of several class II HLA alleles. At least four DR alleles each served as restrictive elements for the recognition of the P82-101 or MBP terminal carboxic region --two regions considered important in the response of human T-cells to the molecule \[[@bib32]\].

As regards PLP, the data shown in the review by Tuohy VK, indicate that: (1) PLP is an important encephalitogen specific to the central nervous system (CNS); (2) the reactivity of CD4 ​+ ​T-cells to discrete PLP peptide determinants can mediate the development of acute, chronic recurrent and chronic progressive autoimmune encephalomyelitis (EAE); and (3) the responsiveness of T-cells to multiple determinants of PLP occurs in patients with multiple sclerosis (MS) -- the main demyelinating disease of the human CNS \[[@bib33]\].

In a 1999 study by Weerth S et al., the capacity of myelin-associated glycoprotein (MAG) was demonstrated to initiate a self-aggressive T-cell response in the Lewis rat, supporting the concept that MAG-specific autoimmune responses can play an important role in the pathogenesis of demyelinating diseases in humans. In fact, it has been observed that, when injected into the Lewis rat, specific T-cells reactive to certain MAG epitopes mediated a pathological inflammatory response in the nervous system. In particular, clinical disease was observed in those animals injected with T-cells specific to sequence a. a. 20--34 (MP1.1), which also started an inflammatory response in the peripheral nervous system (PNS). T-cells specific to MP1.1 together with 8--18C5 monoclonal antibodies specific to myelin-associated basic oligodendrocytic protein MOG increased the severity of the disease and induced widespread CNS demyelination \[[@bib34]\].

A 2010 study by Kaushansky N et al. showed that MOBP is an important target antigen candidate in MS. Studies indicate that: T-cells autoreactive to MOBP can be detected in patients with MS; T-cells reactive against MOBP can be pathogenic in several mouse strains as well as in "humanized" HLA-DR15-Tg mice; HLA-DQ6-restricted, but not HLA-DR15-restricted, MOBP-reactive T-cells in HLA-DR15-Tg mice cause clinical disease similar to the one associated with perivascular and parenchymal infiltration, demyelination, axonal loss, and optical neuritis. Consequently, MOBP should be considered a primary target antigen in MS, in addition to MBP, PLP and MOG \[[@bib35]\].

5. The role of B cells {#sec5}
======================

Many studies have been conducted on the mechanisms by which B cells contribute to the pathogenesis of MS due to their role as antigen-presenting cells (APC), secretion and proinflammatory cytokines and chemokines, as well as their production of autoantibodies against the myelin sheath and neuronal axons \[[@bib36]\].

Structures similar to lymph node follicles containing B cells and Follicular dendritic cells (FDC) in CNS (ectopic germinal centers) can be found in mice with recurrent progressive EAE. The formation of these ectopic follicles indicates that B cells migrate to the brain, are activated locally, have antigens and differentiate into memory B cells or plasmablasts within the central nervous system. The presence of these germinal structures of B cells reflect a greater impact on the integrity of cortical structures \[[@bib37]\]. Similar structures have also been found in the meninges of patients with progressive secondary multiple sclerosis and their presence is associated with a younger age onset of disease and a severe cortical pathology \[[@bib38]\]. The formation of ectopic follicles indicates that B cells migrate to the brain, are activated locally with APC function and differentiate into memory B cells or plasmablasts within the central nervous system \[[@bib39]\]. Recent clinical studies with Rituximab, however, have shown that the administration of this monoclonal anti-CD20 B cell antibody in RRMS patients rapidly reduces B cells, as well as myelin lesions and clinical recurrences with an effect lasting 3--12 months \[[@bib40]\].

In MS, the balance of cytokines is aimed at inflammation rather than tolerance, with an increase in IL-1, IL-2, TNF and IFNγ levels and a decrease in anti-inflammatory cytokines such as IL10 and TGF-β \[[@bib41]\]. Activated B cells can produce a variety of immunomodulating cytokines and growth factors \[[@bib42]\]. In the ectopic germinal centers that form in the CNS lesions of patients with multiple sclerosis, both TNF and LT have been detected \[[@bib43]\]. B cells from MS patients produce less IL-10 than B cells from healthy individuals, but high levels of IL-10 and TGF-β produced by new generation B cells have been detected following treatment with Rituximab \[[@bib44]\].

6. Auto-antibodies {#sec6}
==================

Much effort has been made to determine the specificity of antibodies found in the lesions, serum and cerebrospinal fluid (CSF) of patients with MS and other demyelinating diseases related to a wide variety of myelin sheath and axon antibody targets. Oligoclonal IgG bands are detectable in over 95% of MS patients and increased IgG concentrations in CSF are found in up to 70% of cases \[[@bib45]\]. The oligoclonal nature of these antibodies suggests an antigen-induced process and the determination of the specificity of these antibodies could therefore provide insights into the causes of MS. Several microbial antigens and autoantigens have been proposed as targets \[[@bib46]\].

Antibodies specific to myelin \[[@bib47],[@bib48]\] and axonal proteins \[[@bib49],[@bib50]\] have been eluted from multiple sclerosis lesions. Increased frequencies of anti-MOG antibodies have been reported in the serum and cerebrospinal fluid of MS patients compared to controls \[[@bib51]\]. Other studies conducted on serums or CSF of MS patients have detected antibodies against other myelin components including MBP, PLP, MAG and cyclic nucleotide phosphodiesterase (CNP) \[[@bib52]\].

A recent study has shown that axonal protein is also targeted for autoantibodies in a subset of MS patients, assuming that auto-antibody response is involved in axonal damage. About a third of MS sera contained antibodies to neurofascin -- an adhesion molecule expressed by oligodendrocytes and neurons that localizes on the axon-myelin interface to Ranvier's nodes. Systemic administration of anti-neurofascin antibodies results in a rapid worsening of EAE due to axonal damage \[[@bib53]\].

In the majority of patients with NMO (73%) or an optic-spinal form of MS (58%), IgG serum reactivity against the blood-brain barrier of the CNS tissue of mice was found, with a 91--100% specificity for optic-spinal demyelinating conditions \[[@bib54]\]. Aquaporins are a family of water channels responsible for maintaining cellular water balance, and they are also expressed by astrocytes in the CNS located on the BBB. The high specificity and sensitivity of anti-Aqp4 tests have been confirmed in larger-scale studies of patients with NMO and other autoimmune neurological diseases, including pediatric and adult-onset MS \[[@bib55], [@bib56], [@bib57]\]^;^ the evaluation of anti-Aqp4 has since been incorporated into the diagnostic criteria for NMO \[[@bib58]\]. Spinal cord and optic nerve cells have been observed to express Aqp4 at high levels and this explains why anti-aquaporin antibodies play an active role in the progression of NMO \[[@bib59]\].

7. Infectious factor {#sec7}
====================

As pointed out by numerous reports, among the environmental etiological factors of MS, a determining role has been attributed to the infectious factor. The idea that an infection could be the cause of MS arises from both epidemiological data and data on immunological changes found in this disease. Some data are based on the observed MS epidemics and on the geographical distribution of the disease linked to the endemic presence of an infectious agent while other data are based on biological observation that reflect an immune response to an indeterminate antigen. From the data reported in these reports, infection is the moment of activation of a self-reactive immune response often due to a phenomenon of antigenic molecular mimicry, resulting in chronic autoimmunity. Furthermore, infections subsequent to the onset of the disease were found to cause evolution and clinical recurrences.

Many infectious microbial agents have been implicated in the triggering or progression of MS, most notably: Epstein-Barr Virus, Human Herpes Virus 6 and Chlamydophila (Chlamydia) pneumoniae \[[@bib60]\]. Other important viruses and bacteria considered in this area are: Measles virus, Human Zoster-varicella virus and *Helicobacter pylori*, *Mycobacterium avium* para-TBC, Mycoplasma pneumoniae, *Clostridium perfringens* type B, elements of the human microbiota: Euryarchaeota, Firmicutes and Proteobacteria (Sutterella). ([Table 1](#tbl1){ref-type="table"}).Table 1Table 1***Virus and bacteria in MS trigger or progression***•Measles virus•Epstein-Barr Virus•Human Herpes Virus 6•Zoster-varicella virus•Chlamydia pneumoniae•*Helicobacter pylori*•*Mycobacterium avium* para TBC•Mycoplasma pneumoniae•*Clostridium perfringens* type B•Microbiota: Euryarchaeota, Firmicutes and Proteobacteria (Sutterella)

8. Post-infection autoimmune activation {#sec8}
=======================================

Several mechanisms by which infections can cause demyelination have been proposed. For example, in progressive multifocal leukoencephalitis (PML), the JC virus can infect oligodendrocytes and cause their destruction and subsequent demyelination \[[@bib61]\]. But the most accredited mechanisms provide for the induction of an autoimmune response are: molecular mimicry, bystander activation, epitope spreading and superantigens. In case of molecular mimicry, the sequence or confomational homologies between infectious microbial antigens and myelin antigens in an HLA-predisposed individual determine the activation of cross-reactive T-cells (pathogen and self-reactive T-cells) with subsequent autoimmune demyelination. In the bystander activation model, APCs activated by microbial antigens result in the activation of self-reactive CD44 ​+ ​T memory cells through the production of cytokines. Bacterial superantigens can cause self-reactive T-cell activation for an aspecific link between class II HLA and TCR and the onset and/or exacerbation of autoimmune diseases. Epitope spreading occurs when tissue damage caused by a new infection in an already present autoimmune disease or by chronic autoimmune inflammation determines the exposure of a new antigenic epitope and thus its presentation by APC to autoreactive T-cells, thereby promoting an exacerbation of the disease \[[@bib62]\] ([Fig. 3](#fig3){ref-type="fig"}).Fig. 3Molecular mechanisms of pathogen-induced autoimmunity. (A) Pathogen-activated antigen-presenting cells can display self-antigens from dying cells to autoreactive T lymphocytes in a process known as bystander activation. (B) Activation of the immune system resulting from stimulation of pattern recognition receptors by infectious agents can lead to expression of proinflammatory mediators and triggering of autoreactive lymphocytes. (C) Microbial superantigens cross-link MHC class II molecules with TCRs inducing antigen unspecific activation of autoreactive T cells. (D) Certain pathogen-derived antigens share structural similarities with self-peptides causing activation of autoreactive T cells through molecular mimicry. (E) The process of epitope spreading can enhance autoimmune responses by activating autoreactive! T cells to "new" self-antigens during the progression of the disease. (F) Viral agents can enhance the activation state of autoantigen presenting cells and induce the survival of autoreactive lymphocytes. As an example, persistent infection of microglial cells with Theiler's murine encephalomyelitis virus (TMEV) was shown to upregulate expression of MHC and co-stimulatory molecules and enhance the ability of these cells to function as effective A PCs \[34\]. Furthermore, EBV infection could assist in the survival of autoreactive B cells \[36\]. APC antigen-presenting cell: MHC, major histocompatibility complex: PAMP, pathogen-associated molecular pattern: TCR, T-cell receptor, TLR, Toll-like receptor.Fig. 3

The study of virus-induced demyelinating autoimmunity has produced significant evidence in favor of the possible role of microbial agents as immuno-pathological triggers. The involvement of molecular mimicry has been demonstrated in the induction of EAE in rabbits, by means of hepatitis B virus polymerase peptides homologous with MBP. It has also been demonstrated that MBP-specific T-cell clones are reactive to mimic peptides of a herpesvirus group (Epstein-Barr virus \[EBV\], herpes simplex virus \[HSV\] and cytomegalovirus \[CMV\]), flu virus and papillomavirus.

Epitope spreading implies that auto-antigenic epitopes are continuously discovered during the autoimmune inflammatory reaction. It is interesting to note that epitope spreading both in EAE and in MS was described in a study showing that the initial self-reactivity to a primary autoantigen decreased and disappeared, being replaced by secondary self-reactivity to new antigens during disease progression. Many studies have identified several linear and conformational sequence homologies between myelin structure peptides and antigens of different viral and bacterial species in MS. This leads to the conclusion that the structural similarity between microbic antigenic epitopes and auto-peptides could induce a self-aggressive response by T-cells ^(^\[[@bib63],[@bib64]\]^)^.

The structural similarity between viral epitopes recognized by T-cells and auto-peptides is the molecular mimicry criterion that induces a self-aggressive response by T-cells. A data-base research was conducted considering the molecular homologies of the structural type (molecular mimicry motif) rather than linear sequence. Subsequently, a panel of 129 peptides that corresponded to the molecular mimicry motif was tested on seven MBP-specific T-cell clones from MS patients. Seven viral peptides and one bacterial peptide efficiently activated three of these clones. Only one peptide could be identified by sequence alignment as a molecular mimic. The observation that a single T-cell receptor is able to recognize fairly distinct but structurally related peptides from multiple atoms has important implications for understanding the pathogenesis of autoimmunity. The peptides -- DQ1 or DR2 restricted and recognized by 3 different MBP-Specific T-Cell Clones (MBP 85--99) -- are 10 protein peptides belonging to 6 different viruses and one bacterium: Herpes simplex UL15 protein; Adenovirus type 12 ORF; Pseudomonas phosphomannomutase; Human papillomavirus type 7 L2 protein; EBV DNA polymerase; Influenza type A hemagglutinin; Reovirus type 3 sigma 2 protein; EBV DNA polymerase; influenza type A hemagglutinin; Herpes simplex DNA polymerase \[[@bib65]\] ([Tab le2](#tbl2){ref-type="table"}).Table 2Sequence alignment of viral/bacterial mimicry peptides that stimulate MBP-Specific T cell clones that are DQ1 or DR2 restricted.Table 2**Peptides Recognized by Clone Hy.1B11 (DO1 Restricted)**85909499MBP(85--99)\
Herpes simplex, UL15 protein\
Adenovirus type 12, ORFPseudomonas, phosphomannomutaseHuman papillomavirus type 7, L2 proteinENPVVHFFKNIVTPR FRQLVHFVR**D**FAQLL DFEVVTFLK**D**VLPEF DRLLMLFAK**D**WSRN IGGR[VHFFK]{.ul}**D**[I]{.ul}SPI A**Peptides Recognized by Clone Hy.2E11 (DR2 Restricted)**85909499MBP(85--99)\
EBV, DNA polymerase\
Influenza type A, hemagglutinin\
Reovirus type 3, sigma 2 proteinENPVVHFFKNIVTPR TGGVYHFVKKHVHES YRNLVWFIKKNTRYP MARAAFLFKTVGFGG**Peptides Recognized by Clone Hy.1G11 (DR2 Restricted)**85909499MBP(85--99)EBV, DNA polymeraseInfluenza type A, hemagglutininHerpes simplex, DNA polymeraseENPVVHFFKNIVTPR TGGVYHFVKKHVHES YRNLVWFIKKNTRYP GGRRLFFVKAHVRES[^1][^2]

8.1. Measles virus {#sec8.1}
------------------

Much attention has been paid by researchers to the ability of the measles virus (MV) to induce post-infectious encephalitis and subacute sclerosing panencephalitis. High anti-MV antibody indices have been reported by many researchers in serum and in (CSF) samples of MS patients, suggesting that the immune response to this virus plays a role in the pathogenesis of MS.

In 1965, when measuring the antibody titers of MV in the serum and in the CSF by means of neutralization and complement fixation tests, Adams et al. found higher antibody titers in MS patients compared to control subjects. The most significant data concerned CSF from MS patients, with viral antibody titers in over 75% of the cases tested, while no antibodies were present in the control subjects \[[@bib66]\].

In a serological study conducted by Cendrowski in 1976, in 159 of 161 patients with multiple sclerosis (MS), a significant increase in the level of measles antibodies against hemagglutinin (HI) was found in serum and in 92 of these the presence of anti-HI measles antibodies in CSF was significantly more frequent than in the controls \[[@bib67]\]. In the same study, a higher titer of measles antibodies in the CSF was found in patients with a malignant disease course (P less than 0.001). It may thus be concluded that persistent infection with proviruses or non-specific stimulation of some lymphocyte clones in individuals with genetic susceptibility results in an excessive synthesis of viral antibodies in MS patients \[[@bib68]\]. In another study conducted utilizing hemagglutination inhibition testing to measure the rate of measles antibodies on serums from over 300 patients (133 MS patients and 172 control subjects), the mean measles antibody titers in MS patients were twice as high as in the controls. The authors conclude that these results suggest the persistence of the virus in some form in some patients with multiple sclerosis, but that the final evidence of a possible causal relationship between measles and multiple sclerosis cannot be determined until the MV is isolated from patients with MS \[[@bib69]\]. Other studies on measles virus antibodies have confirmed the presence of high antibody titers in MS patients compared to healthy controls \[[@bib70],[@bib71]\] with a higher titre in the CSF compared to serum \[[@bib72]\].

After a healthy person has been infected or vaccinated against measles, normally the titers of measles antibodies tend to decrease over time. A research presented At the Fifth Joint Triennial Congress of the European and American Committees for the treatment and research in multiple sclerosis, the results of research conducted to evaluate the variation in MV antibody levels in MS patients according to age and disease duration were presented. 161 patients with multiple sclerosis aged between 15 and 49 years (age of MS onset between 10 and 39 years) and a control group of 50 healthy volunteers aged between 18 and 57 years were studied as regards on antibody levels of measles in serum and CSF by means of enzyme immunoassays. However, most patients with MS, in addition to having higher measles antibody titers in serum and CSF compared to healthy controls, showed an increase in these titres over time and in relation to the duration of the disease \[[@bib73]\].

The numerous investigations on the relationship between MV and multiple sclerosis have produced results that demonstrate the presence of high rates of anti-MV antibodies especially in the CSF, but no information on the virus isolate as such in MS patients is available as concerns the CSF, nervous system tissues. This leads us to conclude that if there is a causal relationship between MV and MS, it is likely that it is not to be due to a persistent infection but rather to an immune-mediated trigger of the disease in which the high antibody titers only play an immuno-pathogenetic role.

8.2. Epstein Barr virus {#sec8.2}
-----------------------

The hypothesis that the Epstein-Barr virus (EBV) may play a role in the pathogenesis of MS is supported by the observation of the increased risk of MS in subjects with a history of mononucleosis \[[@bib74],[@bib75]\] or with high EBNA antigen antibody titers in subjects affected by MS \[[@bib76], [@bib77], [@bib78], [@bib79]\], as well as by the higher prevalence of EBV infection in MS cases compared to controls \[[@bib80], [@bib81], [@bib82], [@bib83]\].

Ascherio and Munger analyzed data from 13 studies and found that, compared to people with EBV in childhood, those infected in adolescence and adulthood had a 23 times higher chance of getting MS, while those who they were EBV negative 10 times less likely to have MS \[[@bib84]\]. In a study published in Neurology, Annette Langer-Gould et al. showed that EBNA-1 seropositivity was independently associated with a greater likelihood of MS in all 3 racial/ethnic groups studied (p ​\< ​0.001 for blacks and Caucasians, p ​= ​0.02 for Hispanics) \[[@bib85]\].

A "case-control" study of serum samples from 305 individuals with MS and 610 healthy controls from the collection of sera taken from Active-duty US Army, Navy, and Marines personnel and kept in the Department of Defense Serum Repository (DoDSR) was conducted to determine whether the risk of multiple sclerosis (MS) increases following primary infection with the Epstein-Barr virus (EBV). EBV infection time was determined by measuring the antibody titers in serum samples collected before MS onset in cases and controls on several occasions. Ten (3.3%) cases and 32 (5.2%) controls were initially negative for EBV. All 10 EBV negative cases became EBV positive prior to the onset of MS; in contrast, only 35.7% (10) of the 28 controls with seroconverted follow-up samples (exact p-value ​= ​0.0008) did so. The authors conclude that the risk of multiple sclerosis is extremely low among non-EBV infected individuals, but increases sharply in these individuals following EBV infection \[[@bib86]\].

A systematic review as well as a case-control meta-analysis and cohort studies on the prevalence of anti-EBV antibodies in MS were conducted. 39 research studies on Medline and Embase from 1960 to 2012 were considered. Mantel-Haenszel (OR) probability ratios for serum-positivity of anti-EBV antibodies were calculated and meta-analyses were conducted. Quality assessment was performed using a modified version of the Newcastle Ottawa scale. It was found that most studies reported an acceptable selection and comparability of cases and controls. The majority of studies found a higher prevalence of anti-EBNA IgG and anti-VCA IgG in cases than controls. The meta-analysis showed a significant OR for serum positivity to anti-EBNA and anti-VCAIgG Ig in MS cases (4.5 \[95% confidence interval (CI) 3.3 to 6.6, p, 0.00001\] and 4.5 \[95% CI 2.8 to 7.2, p, 0.00001\] respectively). However, an examination of the funnel diagram suggested a publication distortion as concerns the reporting of anti-EBNA IgG. No significant difference in OR was found for serum positivity to anti-EA IgG (1.4 \[95% CI 0.9--2.1, p ​= ​0.09\]). These results support previous systematic reviews, although a distortion of publication cannot be ruled out. The methodological conduct of the studies could be improved, in particular as regards the communication and carrying out of laboratory analyses \[[@bib87]\].

A study of 145 cases of MS collected in 1970 and 145 controls investigated the association between MS and exposure to uncommon viruses or infection at an older age with 1 or more common viruses. There was a strong positive association with a history of infectious mononucleosis (IM) in older subjects exposed to the Epstein-Barr virus. Significant positive associations were also found for the number of different domiciles before adulthood and for travel abroad. This suggests an increased probability of exposure to uncommon viruses or multiple strains of a common agent \[[@bib88]\].

Comparing a cohort of 494 cases of infectious mononucleosis (MI) with a multiple sclerosis (MS) registry, 3 MS cases were found, with a 12-year MI-MS interval and a relative 3.7 risk of MS occurring after MI (p ​= ​0.05) \[[@bib89]\].

EBV-specific cellular immune responses were studied using enzyme-linked proliferation and immunospotic assays and humoral immune responses by means of anti-EBV antibody analysis, in a cohort of 164 subjects, including 108 patients at different stages of MS, 35 with other neurological diseases and 21 healthy control subjects. In addition, the cohort was tested against cytomegalovirus (CMV), another neurotropic herpes virus that was not convincingly associated with MS, nor believed to be harmful to the disease. All age data were corrected using linear regression analysis on the total cohorts of EBV- and CMV-infected subjects. In the entire cohort, the rate of EBV and CMV infections was 99% and 51% respectively. The frequency of EBV-specific CD8 ​+ ​T cells secreting IFN-gamma in MS patients was significantly higher than that of healthy controls. EBV specific CD8 ​+ ​T cell responses were found to decrease in 12/13 patients with clinically isolated syndrome (CIS) followed prospectively for 1.0 ​± ​0.2 years. These data show high levels of CD8 ​+ ​T cell activation against EBV - but not CMV - early in the course of MS, thus supporting the hypothesis that EBV may be associated with the onset of this disease \[[@bib90]\].

8.3. Human herpes virus 6 {#sec8.3}
-------------------------

HHV-6A/B has been studied extensively as a potential viral trigger agent of multiple sclerosis. HHV-6A exhibits a particular tropism for the central nervous system (CNS) it infects and where it can remain latent. Numerous clinical studies have shown a correlation between MS and several parameters that evaluate HHV-6A/B infection and the possible biological mechanisms of triggering the disease by the virus have also been studied \[[@bib91]\]. A relationship between HHV-6A and MS was initially suggested by the immunohistochemical demonstration of the viral antigen in oligodendrocytes of MS white matter lesions but not in the control brain \[[@bib92]\]. HHV-6 DNA was detected at higher frequencies in cerebrospinal fluid and mononucleate cells of peripheral blood in MS patients \[[@bib93],[@bib95]\]. An analysis of brain biopsies and autopsy brain tissue indicated that HHV-6A/B DNA was more frequently present in demyelinating brain lesions of MS patients than in control brain tissues. Immunohistochemistry analyses confirmed the presence at a higher frequency of viral proteins in the oligodendrocytes and astrocytes of demyelinating plaques in the brains of MS patients \[[@bib96], [@bib97], [@bib98]\]. Serum levels of IgG and IgM HHV-6A/B in CSF were higher in numerous studies in patients with MS \[[@bib93], [@bib94]\]. In addition, viral charges and high levels of specific HHV-6A/B IgG were mostly detected in patients whose disease conditions were exacerbated \[[@bib99],[@bib100]\]. Finally, it appears that HHV-6A is more frequent than HHV-6B in the serological studies of MS patients \[[@bib101]\].

Recent studies on the biology of HHV-6A have provided indications of the mechanism by which HHV-6A can intervene in MS pathogenesis. Molecular mimicry has been proposed as the mechanism for activating the autoimmune process. In this regard, cross-reactivity between basic myelin protein and HHV6 in MS has been demonstrated. One study reported that 15%--25% of HHV-6 specific T-cell clones obtained from healthy donors or multiple sclerosis patients were cross-reactive to basic myelin protein (MBP) \[[@bib102]\]. Close sequence homology was found between MBP (residues 96--102) and the U24 protein of HHV-6 (residues 4--10) and over 50% of the T-cells of MS patients reacted crosswise with MBP and at a synthetic peptide corresponding to residues 1 to 13 of U24 HHV-6. Higher antibody titers were found in these patients, both for the U24 peptide and for the MBP peptide, compared to those of the healthy controls, suggesting the sensitization of B-cells to the two antigens \[[@bib103]\]. This specific cross-reactivity was further confirmed by a more recent Chinese study in which the presence of cytotoxic CD8 ​+ ​cross-reactive T-cells was more significant \[[@bib104]\]^.^ Overall, these studies suggest that HHV-6A infection can activate T-cell responses, which can be simultaneously directed against the myelin sheath.

In particular, it has been suggested that by binding HHV-6 to the CD46 receptor, T-cells activate the autoimmune reaction. CD46 is the cellular receptor for numerous bacteria and viruses including HHV-6A \[[@bib105]\] and has also been related to T-cells regulation. In fact, CD46/CD3 costimulation has been shown to strongly promote T-cell proliferation, leading to the conclusion that CD46 acts as a potent costimulatory molecule for human T-cells \[[@bib106]\]. Furthermore, CD46 can modulate T-cell responses, depending on which cytoplasmic tail is expressed \[[@bib107]\] and can induce CD4 ​+ ​T-cells towards a type 1 regulatory T-cells (Tr1) phenotype with high IL-10 production \[[@bib108]\].

It could therefore be hypothesized that HHV-6A/B can modulate the functions of the CD46 receptor by binding to it. A clinical study indicated that the increase in HHV-6A/B viral load was related to an increase in CD46 expression in MS patients with consequent changes in its functions, i.e. a strong reduction in IL-10 secretion from part of the T-cells \[[@bib109]\], increased production of IL-23 by DC and expression of IL-17 by T cells \[[@bib110],[@bib111]\].

Soluble form levels of CD46 have been found to increase in the serum of patients with autoimmune disorders, including MS \[[@bib112]\]. In addition, a physical association was found between the HHV-6 virion and CD46 in the form of HHV-6/CD46 complexes in the serum of MS patients, but not in the control serum \[[@bib113]\]. Thus, if HHV-6 is attached to CD46 in its soluble form, several epitopes of the virus that are homologous to myelin proteins \[[@bib114]\] and, being more exposed, they are more easily recognized by the cells that activate the autoimmune response. Furthermore, CD46 is highly expressed in the blood brain barrier (BBB) \[[@bib115]\] and this can mediate HHV-6 access to the brain.

Finally, CD46 also regulates the complement system by inactivating C3b/C4b deposited on the membrane of autologous cells; therefore, the CD46/HHV6 bond can favor the activation of the complement system in multiple sclerosis, both at the peripheral and intrathecal level, thereby contributing to the pathogenesis of the disease \[[@bib116],[@bib117]\].

8.4. Varicella zoster virus {#sec8.4}
---------------------------

Both MS and chickenpox have a higher prevalence in temperate zones and both are rare in countries closest to the equator. Migration studies suggest the hygienic hypothesis that an infectious agent acquired before the age of 14 would play a role in the risk of contracting MS. The Hutterites, who practice home-schooling, have been found to have a lower incidence of chicken pox, shingles and multiple sclerosis. In line with these epidemiological observations, compared to their neighbors, they have reduced varicella-zoster seropositivity. Instead, MS patients report a higher incidence of shingles at an early age compared to a group of non-MS patients \[[@bib118]\]. In Mexico, a strong and progressive increase in the incidence of multiple sclerosis has been reported over the past 20 years. A case-control study was conducted in this country using a questionnaire that included demographic, nutritional, infectious and personal antecedents to identify potential risk factors for MS. A previous chickenpox infection in the clinical history of MS patients was found to be the most significant risk factor for this disease \[[@bib119]\]. In a Canadian research study, 633 MS patients were interviewed regarding a possible history of varicella zoster virus (VZV) infection. The controls were healthy subjects or patients with other neurological diseases (OND). In the MS group with a positive/probable history of herpes zoster (HZ), the HZ/MS rate was 106/633 (16.8%) with a VZV infection occurring at an early age. In healthy subjects, the rate was 192/3534 (5.4%); and among patients with OND it was 42/616 (6.8%). More than one attack of HZ was also more common in the MS group. This study adds evidence that MS patients have a peculiar relationship with the shingles virus \[[@bib120]\]. In a study of 82 patients with relapsing-remitting MS, VZV DNA was investigated by PCR, as well as serum IgG and IgM antibodies against the virus. Viral DNA was found in the mononuclear cells of 13 (87%) of 15 MS patients during acute relapse. All patients who were tested during remission (n ​= ​67) were DNA negative. All healthy control patients (n ​= ​20) and those with other neurological diseases (n ​= ​100) were negative. There were no differences in serum antibodies against VZV. The discovery of VZV DNA in MS patients during the clinical recurrence of the disease suggests its participation in the etiopathogenesis of multiple sclerosis \[[@bib121]\]. The presence of VZV DNA, herpes simplex virus 1 and 2; EBV and human herpes-virus-6 (HHV6) in mononuclear cells of patients with MS during the relapse phase (n ​= ​40), during remission (n ​= ​131) and healthy controls (n ​= ​125) were investigated. VZV DNA was found in 95% of MS patients during relapse and in 17% during remission; all controls were negative; in contrast, HHV6 DNA was found in 24% of MS patients during relapse and in 2% during remission; Herpes simplex virus DNA was not found in any subject; and DNA from EBV was found in a similar percentage of subjects from all groups. In conclusion, the conspicuous presence of VZV during relapses of MS may indicate a period of active infection and suggests the involvement of VZV in the pathogenesis of MS \[[@bib122]\]. In an Iranian research study, the prevalence of the VZV was studied in patients with RRMS and in a group of healthy subjects for comparison. Plasma and peripheral blood mononuclear cells collected from MS patients (n ​= ​82) and controls (n ​= ​89) were screened as regards the presence of anti-VZV IgG antibodies and VZV DNA by means of ELISA methods and PCR. Of all MS patients, 78 (95.1%) and 21 (25.6%) tested positive anti-VZV and VZV DNA, respectively. Statistical analysis of PCR results showed a significant correlation for the presence of VZV DNA (P ​\< ​0.001) among MS patients, but not for the anti-VZV antibody rate. These results support the hypothesis that VZV may contribute to MS in establishing a systemic infection process and inducing an immune response \[[@bib123]\]. Evidence supporting the association of VZV with RRSM was considered in a 2010 publication. Regarding laboratory investigations, consistent evidence emerged as regards the presence of DNA from VZV in the leukocytes and CSF of patients with MS limited to the period of clinical recurrence. The above observations and the characteristics of neurotropism and long latency periods of VZV support the idea that VZV is involved in the etiology of MS \[[@bib124]\].

8.5. Chlamydia pneumoniae {#sec8.5}
-------------------------

Chlamydia pneumoniae (Cpn) is a common respiratory pathogen that is now implicated in a number of chronic illnesses such as cardio and cerebro vascular diseases. Several studies have focused attention on Cpn's ability to infect the CNS. The tropism of C. pneumoniae on neural tissue suggests that it could play a role in several neurological diseases \[[@bib125]\]. Some research has identified Chlamydia DNA pneumoniae in the CSF of some people with MS. In a study conducted using bacterial cultures, Cpn was isolated from 64% of CSF samples from MS patients and only 11% of healthy controls. PCR identified the outer Cpn membrane protein gene in the CSF of 97% of multiple sclerosis patients and 18% of controls and ELISA showed that 86% of MS patients had Cpn antibodies in their CSF \[[@bib126]\].

DNA and mRNA transcripts of Chlamydophila pneumoniae were studied by PCR and RT-PCR in fresh CSF and peripheral blood mononuclear cell (PBMC) samples cocultured in Hep-2 ​cell lines and collected from 14 patients with defined MS RR and 19 patients with other inflammatory disorders (OIND) and non-inflammatory (NIND) neurological controls. C. pneumoniae DNA and mRNA positivity was detected in CSF and PBMC of 9 patients with MS RR (64.2%) showing evidence of disease activity, while only 3 controls were positive for chlamydia DNA. These preliminary results suggest that C. pneumoniae may occur in a persistent and metabolically active state both peripherally and intrathecally in MS, but not in OIND and NIND \[[@bib127]\].

A meta-analysis of research assessing the presence of Cpn among patients with multiple sclerosis (MS) and other patients with neurological diseases or healthy controls identified 26 studies with 1332 MS patients and 1464 controls. Using random effect methods, MS patients were found to be more likely to have detectable levels of Cpn DNA (OR ​= ​3.216; 95% CI: 1.204, 8.585) in their CSF and immunoglobulins synthesized intrathecally (OR ​= ​3.842; 95% CI: 1.317, 11.212), compared to other patients with neurological diseases. However, there is no evidence of an increase in serum immunoglobulin levels (OR ​= ​1.068; 95% CI: 0.745, 1.530). Similarly, there is no evidence for the association of immunoglobulins against Cpn in CSF (OR ​= ​3.815; 95% CI: 0.715, 20.369). In random-effect meta-regressions, adjusting for the confounding effect of gender differences results in stronger and statistically significant associations of multiple sclerosis with detectable levels of Cpn DNA, immunoglobulins synthesized intrathecally and immunoglobulins in the CSF. The authors conclude that although the presence of Cpn is clearly more likely in MS patients, these results are not sufficient to establish an etiological relationship \[[@bib128]\].

After molecular and culture tests of Cpn CSF of MS patients, the association between C. pneumoniae and MS has been intensively studied with controversial results. Seroepidemiological reports showed no strong association between Cpn infection and MS risk, neither when using bacterial isolation techniques in the CSF and in the brain tissue of MS patients nor when DNA was isolated by means of PCR in the CSF or intrathecal synthesis of anti-Cpn. Moreover, Cpn IgG were not detectable in MS patients or, when present, they were not selectively associated with MS. However, an association between PCR positivity for Cpn in CSF and disease activity was found in a subset of MS patients. Intrathecal production of high affinity anti-Cpn IgG especially in the progressive forms of MS and metabolically active Cpn has been identified in CSF. Cpn has been recognized in CSF and brain tissue at the immunohistochemical, molecular and ultrastructural level. Cpn was also able to induce the animal model of MS. This growing set of data suggests that Cpn infection may play a role in the pathogenesis in a subset of MS patients \[[@bib129]\].

8.6. Helicobacter pylori {#sec8.6}
------------------------

In the past, several studies have suggested that Helicobacter pylori (HP), is a potential trigger of chronic autoimmune diseases \[[@bib130]\], in particular of various neurological disorders such as Alzheimer's, Parkinson's, seizure disorders, cerebrovascular diseases, mild cognitive impairment, migraine and ophthalmic disorders and MS/NMO \[[@bib131]\].

A prospective comparative study evaluated the incidence of active Hp infection from histology and endoscopic abnormalities in 44 patients with relapsing-remitting MS and 20 anemic controls.

The overall prevalence of histologically confirmed active Hp infection in 44 patients with multiple sclerosis was 86.4% against 50% in 20 matched anemic control participants (P ​= ​0.002, odds ratio 6.33, IC 95% 1.85--21.64). Concomitant autoimmune diseases, including hypothyroidism and ulcerative colitis, were present only in patients with MS. In addition, a trend towards an increased presence of endoscopic findings of related HP gastro-esophageal pathologies has been observed in MS patients. In conclusion, HP infection appears to be more frequent in MS patients, indicating HP infection as a possible causal factor for the development of MS \[[@bib132]\]. A study in Japanese multiple sclerosis patients investigated the association between HP neutrophil activation protein (HP-NAP) and anti-aquaporin-4-induced neural damage (AQP4) in MS/NMO patients. There are two distinct subtypes of multiple sclerosis (MS) in Asians: opticospinal (OSMS) (similar to NMO optic neuromyelitis) and conventional MS (CMS). The serums from 162 patients with multiple sclerosis, 37 patients with other inflammatory neurological diseases (OIND) and 85 healthy subjects have been studied. Half of the patients with OSMS had the NMO-Immunoglobulin G (IgG)/anti-AQP4 antibody. HP seropositivity rates were significantly higher in patients with MS/NMO positive for anti-AQP4 antibodies (19/27, 70.4%) than in CMS patients negative for anti-AQP4 antibodies (22/83, 26, 5%). Among HP infected subjects, the anti-HP-NAP antibody was significantly more common in patients with AQP4 +/MS and AQP4 -/OSMS than in healthy subjects (36.8%, 34.6% versus 2,8%). Among patients with AQP4 +/MS, a significant positive correlation was found between anti-HP-NAP antibody levels and final scores on the Kurtzke expanded disability status scale \[[@bib133]\]. Long et al. determined the status of HP infection in a cohort of 42 patients with MS, 2 NMO, 17 ​at high risk for NMO, and 27 healthy controls. HP antibodies were found in 90.4% of NMO, in 95.8% of high risk NMO, in 73.8% of MS and in 59.3% of controls. There was no statistically significant difference between MS and the control group (P ​= ​0.726). Interestingly, 93% of patients with aquaporin-4 antibodies were also HIV positive for HP \[[@bib134]\]. Another study showed that the role of HP's Heat Shock Protein antigen (HSP60) is inconsistent in the pathogenesis of MS. On the contrary, antibodies against HP's antigens different from HSP prove to be factors rupturing tolerance towards MS autoantigens. The prevalence and clinical significance of antibodies (ab) against 14 HP antigens in 139 patients with relapsing-remitting MS (RRMS, n ​= ​102) or secondary progressive (SPMS, n ​= ​37) and 68 healthy controls (CS) were studied. Anti-VacA ab was shown to be more frequent in SPMS than in CS; the anti-p54, anti-p29-UreA and anti-p26 correlated with extended disability scale (EDSS)); ati-p26 and anti-p17 correlated with the number of relapses. On the contrary, the anti-flagellin and anti-p41 in MS were less frequent than in CS. The antibodies against 5 of the 14 antigens were less frequent in CSRMS, including p41, p54-flagellin, p29-UreA, p67-FSH and p120-CagA. The difference in antibody responses between MS and CS and between RRMS and SPMS, being prevalent in SPMS compared to RRMS, suggest an association between anti-Hp and SPMS SM \[[@bib135]\].

A meta-analysis was conducted on 9 selected studies on PubMed and EMBASE to determine the prevalence of HP infection in MS patients. These studies included a total of 1553 MS patients and 1253 controls. Overall, the prevalence of HP infection in MS patients was lower than that in the control groups (24.66% versus 31.84%, OR ​= ​0.69, 95% CI: 0.57--0.83, P ​\< ​0.0001). A subgroup analysis revealed that HP infection levels among MS patients were lower than control subjects in western countries (11.90% versus 16.08%, OR ​= ​0.63, CI at 95%: 0.43--0.91, P ​= ​0.01), but were not statistically significant in the eastern countries (39.39% against 43.82%, OR ​= ​0.79, 95% CI: 0.55--1.14, P ​= ​0.20). These data show that HP infection and MS are negatively correlated, especially in western countries \[[@bib136]\]. Other perspectives have even reported a low prevalence of anti-Hp antibodies in a wide range of MS, concluding that it may even have a protective role for MS \[[@bib137],[@bib138]\].

In particular, a complete database search, including PubMed/MEDLINE and EMBASE, was performed on the studies available until January 2016. The inclusion criteria were observational studies conducted on adults to evaluate the association between HP infection and multiple sclerosis. The authors demonstrated a significantly lower prevalence of helicobacter pylori infection in patients with multiple sclerosis, concluding that this HP could be a protective factor for the development of multiple sclerosis \[[@bib139]\].

The conflicting data at our disposal, coming from research on the relationship between HP and MB, suggest that the matter is rather complex. Probably the genetic predisposition of the subjects affected by MS and the different immune response of the subjects predisposed to the different HP antigens play an important role in this phenomenology and could represent a confounding distortion factor in the results of the different studies. In fact, it turns out that only HLA DRB1 \*1602 subjects develop MS triggered by HP \[[@bib140]\].

9. Other bacteria implicated {#sec9}
============================

Other bacteria have been found to be involved in various ways in the pathogenesis of multiple sclerosis, some as triggering or aggravating factors, others even with protective or curative effects. Below we report a small roundup of reports on this subject:-Mycobacterium avium paratuberculosis (MAP): in Sardinian patients with MS, MAP DNA was found and humoral immune response against the MAP2694 protein was observed. Moreover, the intrathecal synthesis of anti-MAP IgG associated to MBP antibodies has been reported \[[@bib141],[@bib142]\] and self-reactive T-cells appear to be activated in the CNS \[[@bib143], [@bib144], [@bib145], [@bib146], [@bib147], [@bib148]\].-Mycoplasma pneumoniae (MycPn): antibodies in the serum and intrathecal synthesis of IgG in the anti-MycPn cerebrospinal fluid have been identified in MS patients \[[@bib149]\]. Furthermore, MycPn has been isolated from brain and urine samples of MS patients \[[@bib150]\], and MycPn invasions in the brain seem to cause demyelination \[[@bib151]\].-Clostridium perfringens: Immunoreactivity to epsilon toxin in PBMC and CSF was found and the bacterium was isolated in the feces of MS patients \[[@bib152]\]. Neurotoxin appear to affect endothelial cells, myelinated fibers and CNS oligodendrocytes \[[@bib153]\].-Among the microbiota: Euryarchaeota, Firmicutes, Proteobacteria (Sutterella) have been demonstrated as aggravating factors of the EAE \[[@bib154]\]; an increased incidence of these species has been demonstrated in a spontaneous mouse model of demyelinating disease \[[@bib155]\]. Furthermore, these bacterial species are most frequent in the microbiota of patients with MS compared to healthy controls \[[@bib155], [@bib156], [@bib157]\]. Pro-inflammatory response and reduced IL10 production \[[@bib154]\] due to staphylococcal enterotoxin B has been proposed as one of the possible mechanisms of action of this pathogenic effect \[[@bib158]\].

9.1. Protective effect {#sec9.1}
----------------------

-Mycobacterium bovis BCG has been shown to be a disease suppression factor \[[@bib159],[@bib160]\]. Reduced cerebral MRI activity and low antibody titer in MS patients compared to controls was shown \[[@bib161],[@bib162]\] with skin vaccination or direct inoculation in the brain or intestines of mice \[[@bib159],[@bib160],[@bib163]\]. Antigenic competition, diversion of autoreactive T-cells into granulomas has been proposed as a mechanism of action \[[@bib159]\].-Among the microbiota: A lower frequency of Firmicutes (Clostridia), Actinobacteria, Bacteroides has been shown in the microbiota of MS patients compared to healthy controls \[[@bib164]\]. Furthermore, reduced susceptibility to the disease following the oral administration of Bacteroides fragilis PSA has been reported. Anti-inflammatory response, expansion of CD39 Treg cells and increased IL10 expression seem to be at the basis of this protective effect \[[@bib154]\].

10. Conclusions {#sec10}
===============

The hypothesis of an immune-mediated etiopathogenesis of MS in HLA gene predisposed subjects is supported by the wide range of evidence gathered in this article. The results of these studies confirm the correlation of certain HLA haplotypes (DQ1 and DR2) with MS, suggesting that these genes play an immunological role in disease susceptibility. Similarly, many studies support the idea that certain viruses and bacteria intervene in determining MS (Measles virus, EBV, HHV6, HZV, Chlamydia pneumoniae and Helicobacter Pylori). Finally, studies on molecular mimicry suggest that microbial antigenic epitopes responding to structural requirements for both class II MHC binding and TCR recognition are probably able to activate cross-reactive T-cells capable of generating a self-reactive immune response to myelin epitopes that exhibit linear or conformational sequence homologies with these microbial antigens. This evidence supports the hypothesis that the autoimmune reaction triggering MS can be effectively developed by an immunomediated process set off by a previous infection in HLA-predisposed subjects due to a condition of molecular mimicry between the microbial antigens and auto antigens of the myelin structure.
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